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ABSTRACT 
Dust plays a key  role in the optical,  thermodynamic and gas  dynamical behavior of 

collapsing molecular cores. Because of relative velocities of the individual dust grains, co- 
agulation and  shattering can modify the grain size distribution and - due  to corresponding 
changes in the medium’s opacity - significantly influence the evolution during early phases 
of star formation. In order to  study relevant time scales and possible consequences for in- 
termediateqass stars, we examine the  dust evolution in spherical  protostellar envelopes 
which  evolve from cloud clumps of masses 3 Ma, 5 Mo and 10 Ma. At first the collapse pro- 

During the  no&teadystate accretion the accretion luminosity of the  central core reaches 
high  values ( x  lo4 LJ.  Thus, differential radiative acceleration provides an  important 
contribution to  the relative velocities of the grains. In turn,  the mass  accretion rate, which 
determines the  central core’s accretion luminosity (and  ultimately  the final mass of the 
central  object)  depends  strongly on the opacity  distribution in the enshrouding envelope. 
We find that coagulation  and  shattering  can lead to significant modifications of the  dust 
size distribution  and  the opacity during  early collapse phases. The visible and ultraviolet 
extinction is most  strongly affected. 

Subject headings: hydrodynamics - radiative transfer - circumstellar matter - 

_ .  ceeds’in the  well-bown nor$omologous manner  until  a  central  hydrostatic core is formed. 

. stars:  formation - dust, extinction 



1.  Introduction 

Dust in  star-forming regions is the principal  source 
of extinction,  preventing  direct  observation of dense 
molecular cloud cores at optical or near infrared wave- 
lengths. Other  contributors  to  the opacity, such as 
molecules or atoms.can be neglected in this  temper- 
ature  and density regime (e.g.  jYorke & Henning 1994). 
For highTrnass stars  the  dust  has generally been  held 
responsible for limiting the final mass (e.g.]Kahn 1974; 
Yorke & Kriigel 1977; Wolfire & Cassinelli 1987). The 
formation  and  early  evolution of stars of intermediate 
and low mass can  be significantly influenced by the 
amount  and  types of dust  present. 

The  dust  opacity  depends on the size distribution 
of the grains  and  their physical structure. For the dif- 
fuse interstellar  medium,  Mathis  et  al. (1977, here- 
after MRN) derived a power  law distribution as a func- 
tion of grain  radius  with an exponent of about -3.3 

.= to -3.6 (MRN#distribution) by fitting  observations of 
the  iateytellar  extinction over the wavelength range 
0.11 pm '+' 1 pm.  The sizes of the constituent  grains 
were found to range  from  about 1 nm to 1 pm. Ob- 
servations  (Vrba et  al. 1993) and  theoretical modeling 
of dense  molecular  clouds  (Fischer  et  al. 1994), how- 
ever,  indicate  larger  upper  grain sizes, implying that 
the grain size distribution  has  been modified in this 
environment. 

Coagulation has long  been considered the mecha- 
nism which produces  large  grains  in starTforming re- 
gions and accretion disks (e.g.;  Weidenschilling 1980; 
Nakagawa et al. 1981; Mizuno et al. 1988, Schmitt  et 
al. 1997). The prerequisite for coagulation is a rel- 
ative velocity between the different dust grains. In 
dense cloud clumps  Brownian  motion and  turbulence 
have  been  suggested as the most important processes 
(Ossenkopf 1993; Weidenschilling & Ruzmaikina 1994). 
These  studies find characteristic  coagulation  time  scales 
ranging from lo5 up  to lo7 years. Differential radiation 
acceleration  also  leads to significant  relative velocities 
between the  grains, especially when a luminous  proto- 
stellar  radiation  source is embedded in the cloud clump. 
Still,  coagulation is not the only process  which  modi- 
fies the size distribution.  When the velocity between 
two grains becomes sufficiently high,  coagulation ceases 
(Chokshi et  al. 1993), then  cratering  starts)and finally 
both  grains  are  shattered  into small  fragments  (Jones 
et al. 1996). 

The size distribution of the  dust grains influences the 
gas dynamical  behavior of collapsing molecular clumps 
significantly. The loss of small  grains via coagulation 
lowers the  optical  and  ultraviolet extinction. This  in 
turn affects the  transport of radiation in the cloud, the 
radiative  acceleration of the  dusty gas (via  hydrody- 
namic drag  with  the accelerated dust  particles), the 
appearance of cloud clumps,and  ultimately the final 
product. 

We have carried  out numerical  simulations of the 
dust dynamics and growth in a collapsing protostel- 

lar cloud clump. The  ga-dust mixture is treated as 
a hydrodynamical  multi-component fluid: each dust 
component is treated as a separate fluid  which inter- 
acts with the  gas  component via hydrodynamic  drag. 
The  dust components  interact  with each other  directly 
via coagulation,  cratering and  shattering  and indirectly 
due to their effect on  the gas and  the radiation field. 
Continuum  radiation  transport from the radio to  the 
FUV is done in a multitangle,  multkfrequency  man- 
ner to include the effects- of changes in the wavelength; 
dependent  extinction of the  dust exactly. A detailed 
model of the microphysics of the coagulation and  shat- 
tering process  is applied  together  with  a self-consistent 
calculation of the opacities  from the size distribution of 
the grains  (section 2). In  section 3 we describe our  code 
together with test  calculations for the solver of the co- 
agulation  equation.  Section 4 introduces our standard 
cloud  mode1)which supplies the initial values for the 
simulations  (section 5). In section 6 the results are 
discussed. 

2. Microphysics of the grains 

2.1. Dust dynamics and coagulation 

We treat  the  dust  grains as compact  silicate  spheres. 
The  dust particles are coupled to  the gas by dynami- 
cal  friction. The  Epstein coupling law (Epstein 19237, 
Weidenschilling 1977) is applied  with its extension t 9 
superthermal velocities (Yorke & Kriigel 1977). This 
is valid because the  mean free path  in  the cloud clump 
is several  orders of magnitude larger than typical  grain 
radii. The  grains are accelerated by the gravitational 
potential 9 of the cloud and by radiation pressure. Gy- 
ration  about  magnetic field lines is neglected. Thus, 
the  total acceleration of dust component i with radius 
ai,  mass mi, velocity i7i and  extinction coefficient for 
radiation  pressure K ~ , ~ ( A )  is: 

grau ww 

+ - p l  Jc; + (v' - i71)2(i7- 31) 4n a2 
3 mi 

where $(X) is the wave1ength;dependent radiative flux, 
c the speed of light, p the gas  density, v' its velocity 
and cs the speed of sound. From  this it  appears ob- 
vious that grains of different sizes will  gain systematic 
differing velocities in a collapsing cloud  clump. In ad- 
dition, the  dust moves with  random velocities caused 
by Brownian motion and  turbulence.  In  the  present 
calculations we neglect turbulence because of the dom- 
inance of differential radiation  acceleration (see section 
5). The  random velocity between  grain i and grain j 
becomes: 

2 8kT mi + r n j  < vaj >=< vE >Brown = - n m,mj 



Brownian motion is only relevant for small  particles 
( <  l@m). For the hulk density of the  silicates we 
took PblrlL = 3 gcme3 with a sublimation  temperature 
of 1500 K. 

Once  the  relative velocities are known, the growth of 
the  dust grains is described by the coagulation  (Smolu- 
chowsky) equation: 

b(m - m’ - m“) dm  dm 
I t, 

-n(m) / a(m,  m‘)  n(m‘) dm’ 

with: 

a(m’,m‘‘) = p.lr (a(m’) + a(m”)l2  I(c(m‘) - . ~ ‘ ( ( r n ’ ‘ > l  
Here n(m),  a(m) and G(m) are  the number  density, 
radius  and velocity of grains  with mass m,and 6 is 
the Dirichlet delta function. Following Chokshi et al. 
(1993), the sticking  probability p is considered perfect 

( p  = 1) up to a critical velocity, above which p be- 
comes zero. For material coefficients we assumed a 
thin ice layer on the silicate  grains (an improved model 
is described  in  section  5.4). Without ice coatings two 
O.l-&ilicate grains will stick  up to a  relative veloc- 
ity of lo2 cms”, whereas the critical velocity for two 
ice-coated  grains is more than  an order of magnitude 
larger. 

When two dust particles  stick  together, we assume 
they form another  compact  spherical  grain with the 
sum of the colliding masses. This is a rough  approxima- 
tionpince  laboratory experiments  and  numerical sim- 
ulations show that coagulated  clusters of dust grains 
can  be rather fluffy (Blum & Munch 1993; Meakin & 
Donn 1988; Ossenkopf 1993). This has a number of im- 
portant edects on the microphysics of the  grain  growth 
process. Bec use the gas-dust  coupling  depends on the 
specific cross Y section a:/mi, the fluffy coagulates are 
better coupled to  the gas than their  compact  counter- 
parts) and  their  relative  velocities will be correspond- 
ingly less. Furthermore,  sticking is more efficient due 
to  the larger  number of possible  vibrational  excitation 
modes in fractal  coagulates which provide a wider chan- 
nel to absorb the impacting  projectile’s  kinetic energy 
(Poppe & Blum 1996; Wurm  1997). 

/ 

2.2. Cratering and shattering 

When the relative  velocity  between two grains  rises 
above the critical  sticking velocity, coagulation ceases 
and  the grains  bounce. At somewhat  higher velocities 
(> 2.7 km s-l for silicates)  cratering occurs,and when 
the collision velocity is large  enough, the grains will 
be shattered  into small  fragments.  Jones et al. (1996) 
performed  detailed  calculations of the ejected  mass and 
the size distribution of the fragments. We use their 
results in considering the  shattering contribution: 

I I ,  

r(m,  rn , m , Id(rr1‘) - d(m”)l) dm  dm 
I !I 

The  shattering probability q determines  the  onset of the 
erosive  processes,  whereas the function y describes the 
redistribution of the ejected or  shattered mass. In  order 
to calculate y the  equations  and  material coefficients 
for silicate given by Jones  et  al.  (1996)  are  used.  The 
size distribution  exponent of the  shattered fragments is 
set  to63.5. We assum  n instant assimilation of the 
debris  particles ( z  0.0 T pm)  in  the 1ow;mass bins.  This 
approximation is valicfas  long as the correlation  time 
scale .ri is smaller than  the numerical  time  step: 

Bt  Iww -a r 

A typical  numerical time  step is about one year,which 
is larger than .ri as long as p ;L cm-3 (true for 
regions where shattering is important).  Our numeri- 
cal  realization of coagulation and  shattering is briefly 
sketched in the  appendix. 

2.3. Opacities 

The specific extinction coefficients and  radiation 
pressure cross sections were calculated by  Mie theory 
using the optical constants for  “astronomical”  silicate 
of Draine & Lee (1984) constructed from observational 
data of the diffuse interstellar  medium.  The  total  spe- 
cific extinction then  reads: 

ra;  
nezt,i = Qezt,i - 

mi 
N Ci=1 pi nezt,i 

E Z ~  Pi  
nezt = 
K p , i  = nezt,i (1 - Aigi) 

Fig. 1.-  Net specific extinction of dusty gas (“astro- 
nomical  silicates”  with an MRN size  distribution). 



Here Q e z t , t  is the dimensionless  efficiency  factor  for ex- 
tinction of grain i ,  A,  the  albedo  and g, = (cos@),  the 
asymmetry  parameter, all of which are  calculated by 
Mie theory  using the complex  dielectric  function. Fig- 
ure 1 shows the specific extinction of MRN dust con- 
sisting of grains  with  radii from 5 nm to 5 pm.  It is 
given in cross section  per gas mass  (dust-gas  mass ratio 
is 0.01). 
To  show the  contributions of the different grain sizes to 
the  total  extinction, opacities for particle  radii of 5 nm, 
0.1 pm  and 5 pm  are displayed in figure 2 (each  nor- 
malized to a dust-gas  mass  ratio of 0.01). The charac- 
teristic l0;Clm silicate  feature is caused by sub-pm  dust 
particles. The visual and ultraviolet  extinction is dom- 
inated by the  contribution of small  (sub-pm)  grains. 
The  grain radii  used in the numerical  simulations are 
given  in table 1. 

3. The  Numerical  Model 

- 

3.1. Method 

To simulate the evolution of a colla sing  molecular 
cloud clump we apply an implicit  multccomponent I; 1D 
radiation  hydrodynamic  code  in  spherical  symmetry. 
The  equations of hydrodynamics are solved together 
with the Poisson  equation  for  self-gravity  and the angle; 
dependent,  frequency-dependent  equations of radiation 
transport (Yorke 1 9 h ,  1980): 

where I ,  = I ,  ( T ,  p )  is the  intensity of radiation of fre- 
quency v at radius T in the direction p = cos0, j y  is 
the emissivity and 0 the  scattering phase  function. 

The frictional  coupling of dust  and gas is approx- 
imated by the asymptotic  limit  (no  time  dependence 
in the  interaction  term).  Where the  temperature Ti of 
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Fig. 2.- Specific extinction coefficients for a = 5 nm 
(#l, solid line), a = 0.1 pm (#lo, dotted line) and 
a = 5 pm (#20, dashed  line). 

grain  component i exceeds its  sublimation  temperature, 
the grains are removed from the flow. Where  conditions 
allow,  dust  grains are allowed to flow back into dust-free 
regions with their  calculated velocity, Le., dust does not 
spontaneously reform when the calculated temperature 
drops. 

The coagulation  equation is computed between hy- 
drodynamic  time steps.  The coagulation  substep is also 
performed by an implicit solver which strictly conserves 
mass. The  dust  distribution function is binned into 
20 logarithmically  spaced  mass  intervals.  Initially, we 
start with LjMRN size  distribution - the number  den- 
sity  per  unit  radius  scales as: 

.(a) 0: a-3.5 

This  transforms to a bin  mass  distribution 

m(m)  dm o( m"5/6 dm c( m1l6 dlnm 

Figure 3 shows the initial  mass  distribution  according 
to $MRN size distribution.  Whenever  the  coagulation 
eqdation is solved, the revised dust densities are used to 
update  the opacities  in  each  radial cell. Therefore, ev- 
ery  change in the size distribution  has  direct  dynamical 
consequences for the  further evolution. t 

The numerical  grid  consists of about 100 * 200 loga- 
rithmically  spaced  radial cells covering the protostellar 
envelope from 3 . 1013 cm to M 1017 cm. Frequency- 
dependent  radiation transport is done at 64 different 4 

wavelengtfranging from 0.1 pm  to 0.5 cm. For the 
numerical  method  discussed by  Yorke (1979, 1980) the 
number of direc  'ons  included  in the radiation  transfer 
varies from 103 /t 203 in the  outermost zone (equal to 
the number of radial cells + 3) to 4 at  the center.  At 
the inner  border of the mesh the infalling material is 
accumulated into a central  object;  its  mass M ,  - to- 
gether  with the mass  accretion rate hi, - determines 
the core  luminosity  according to  the formula: 

7 

3 

L * = L a ( 2 )  + -  6  7 GM, R, a* 

Table 1: Radii of the calculated dust species. 

# a  # a  I [pml I bml 
1 

1.721 0.045 17 7 
1.195 0.031 16 6 
0.829 0.022 15 5 
0.576 0.015 14 4 
0.400 0.010  13 3 
0.277 0.007 12 2 
0.193 0.005 11 

9 0.093 19 3.573 
10 0.134  20 5.147 

a 2.480 0.064 18 



For the numerical  results  discussed here the radius R,  
of the central  hydrostatic  core  has been set to  the con- 
stant value 5 Ra. The main  contribution to  the stellar 
luminosity  results from the  accretion shock (more than 
99% in early  phases). At the  outermost radius  mass is 
allowed to flow out freely, but  no  mass is  allowed to en- 
ter  into  the  computational  grid  (semiipermeable  outer 
boundary). 

'1 

3.2. Testing the code 

We tested  the coagulation  solver by comparing  with 
analytical  solutions  (Wetherill  1990).  These  exist for 
simple kernels in the integrals of the coagulation  equa- 
tion, e.g.: 

We calculated the solution  for the  constant kernel 
(i.e.) a = a,-,) with  our  solver (see Figure  4), starting 
with  all  grains  in the bin with the lowest mass and 
evolving several  dynamical  time scales q. With our 
choice of binning  resolution we can well reproduce the 
exact  solution. At lower binning  resolutions we are  still 
able to represent the location of the maximum. How- 
ever, the width of the  distribution  and  its value at max- 
imum suffered when significantly fewer bins were  em- 
ployed. Total  dust  mass was always conserved within 
rounding  errors. 

4. The protostellar  cloud  model 

The initial  condition for our calculations is a spher- 
ically ymmetric,  centrally  condensed ( p  oc r-l with 
a c w f f  .i" close to r = 0 ) ,  isothermal (T = 20 K), non- 
rotating molecular  cloud  clump. The mass  contribution 
of the  dust is set to 0.01 and  the velocities are initially 
zero. The clump  extends  out to  2 - 10l6 cm, where the 
density falls off rapidly ( o c  r -8) .  Selected parameters 
are given in table 2. 

Fig. 4.- Comparison of our  computed  solutions of 
the coagulation  equation (solid lines)  with the exact 
solutions (dotted).  The  distributions of grain masses 
are shown at dyn-ical time  scales q = lo2, lo3 and 
lo4 respectively  (see  Wetherill  1990). 

Table 2: Characteristics of the cases  considered. MtOt 
= beginning  clump  mass; tff = initial free-fall time 
scale; tevol = total evolutionary  time  calculated; M, 
= final  mass of central  core. Models denoted by  "C-" 
include the effects of coagulation. 

1 $2 [lo4 yr] [lo4 yr] [Ma] 
tff tevol M* 

3MS 
C3MS 

5MS 
CJMS 

8MS 
CSMS 

lOMS 
C-1OMS 

C-1OMSi 
C-1OMSilO 

3.0 0.50 5.8 3.0 
3.0 0.50 3.2 3.0 
5.0 0.39 4.8 4.4 
5.0 0.39 4.5 4.9 
8.0 0.31 5.6 6.8 
8.0 0.31 6.1 7.8 
10.0 0.27 5.5 6.6 
10.0 0.27 6.8 6.5 
10.0 0.27 6.7 7.2 
10.0 0.27 6.7 7.4 

Fig. 3.- MRN mass  distribution of the  dust. The radii 
of the grains  range from 5  nm  to  5  pm.  The mass in 
each bin is normalized to  the  total mass. 



The dust size spectrum is initially  set to 4' MRN 

radii of 5 nm and 5 ,urn (figure 3). All calculations 
are conducted over several free-fall time scales t f ,  until 
most of the  mass  either  accumulates in the center or 
escapes  through the  outermost  radius. 

- distribution with an  exponent ;3.5 and  limiting  grain 

5. Results 

The evolution of all models is influenced strongly by 
the luminosity of the  central  object. During the initial 
phases of high mass  accretion,,the  resulting  accretion 
shock luminosity  inhibits  infall by radiatively acceler- 
ating  the  dust, well coupled to  the gas. Thus,  the accre- 
tion rate  and  the associated  luminosity  diminish  until 
- after  several  oscillations - a quasi-steady state is  es- 
tablished.  Table 2 shows the final core masses resulting 
from  each  simulation  conducted. For the 3iMa case  all 
mass'accumuiates  in the  center.  Starting from about 
five solar  masses,  significant differences are found be- 
tween  calculations which include dust coagulation and 
those  with a fixed grain size spectrum. 

5.1. Model  C-3MS 

Figure 5 shows the  time evolution of core luminosity 
and core mass for model C3MS. The early  phase of 
strong variability is followed  by a rather smooth and 
steady  accretion,  until  all the mass  has  accumiilated in 
the core. The variable  phase lasts approximately  one 
free-fall time. 

Figure 6 displays  selected  physical  variables at  an 
early  stage of the collapse, t = 2270 yr. An accretion 
shock has developed at log r = 14.5. Due to  the high 
gas  densities and low core luminosity,  gas and  dust  are 
still well coupled. The depletion of the different dust 
components (lower left  frame of Fig. 6) shows that 
inside the shock front all the small  grains have been 
removed by coagulation.  Groups #1-5 (5 nm - 20 nm) 
and #6-10 (30 nm - 0.1 pm)  are highly depleted. This 
is reflected in the  total  optical  depth. In particular, the 
visual and ultraviolet  contributions  are lowered due to 

0 1*104 2 . 1 0 ~  Jr104 
l / O  

Fig. 5.- Time  evolution of the core  luminosity (solid 
line)  and the core  mass (dotted line) of model C3MS. 
About 6 free-fall times are displayed. 

the loss of small  grains. 
When  the  core  luminosity  rises  to several thousand 

La the mass inside the accretion shock is accelerated 
outwards  and  a shell of dusty  material  expands. At the 
same  time,  coagulation  continues to remove small dust 
grains from the envelope.  Figure 7 shows the envelope 
structure  at 7068 yr. Again, the ongoing coagulation 
manifests itself  in the modified total optical  depth at 
visual  and  ultraviolet  wavelengths.  At the density max- 
imum at log r = 15.2 the mean  size  distribution expo- 
nent is(3.7; over the entire  volume it is 3 . 2 .  Inside 
log r = 14.8 the  dust  has been  destroyed  due to  the 
high  grain temperatures  there. At the  outer edge of 
the cloud the  dust  grains achieve  relative velocities of 
several km s-l. 

For purposes of comparison] the wavelength-depen- 
dent  optical  depth through  the envelope is  dispfayed in 
figure 9 for calculations both  with  and  without coagu- 
lation. At a wavelength of 0.1 pm  the optical  depth  is 
lowered by one order of magnitude when coagulation is 
included in the calculations. This emphasizes the im- 
portant feedback of a modified dust size spectrum  on 
the dynamics. For luminous central cores, coagulated 
dust can  enable the gas to flow towar4the  center  more 
easily. Further  increasing the central core's luminosity 
will lead to high relative  velocities and consequently to 
dust  shattering  'EhkwiG-bediscussed  in the following 
section. ' \'A -. 

5.2. Model  CBMS 

When the cloud  mass is increased to 5 Ma, higher 
accretion  luminosities are  attained.  The initial evolu- 
tion is similar to  the 3;Mo model.  In  later  phases rel- 
ative velocities of several  km s-l between the different , 

grains could lead to  significant  destruction of d p n ;  - 

sized-dust  particles. In figure 8 model C-5MS is shown 
at 1 00 yr. The corresponding  evolution of core lumi- 
nosity  and core mass  is  plotted  in  figure 10. 

At this  stage of evolution a density maximum has 
developed at log r = 16.5. This  feature is caused by a 

os 

Fig. 9.- Optical depth  through  the cloud without 
coagulation  (solid,  model 3MS) and with coagulation 
(dotted, model C-3MS) at  an equivalent  stage of  evo- 
lution. 
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Fig. 6.- Model CSMS at 2270 yr. Displayed are: densities of gas (solid line) and  total  dust  (dotted line;  u.l.), 
velocity of gas (u.r.),  depletion of the  dust  grains (l.l.), total  optical  depth  through  the envelope (1.r.). In the depletion 
diagram the  dust is plotted  in  groups of five components for display  purposes. 
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Fig. 10.- Time evolution of the core luminosity (solid 
line) and  the core  mass (dotted line) of model C5MS. 
The corresponding free-fall time is tff = 3.9.  lo3 yr. 
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Fig. 11.- Velocities of dust #1 (dotted), # lo  (dashed) 
and #20 (dot-dashed, see table 1). An enlargement of 
the upper  right  panel of figure 8 is displayed. 

Fig. 12.- Dust  mass  distribution of model C-5MS 
at 1900 yr (solid line, icy grain surfaces). The cor- 
respznding  size  distribution  exponent is a . 2 .  For 
comparison, the resulting  mass  distribution  assuming 
quartz surface parameters  (dotted line). 

peak in the core luminosity at  6000 yr. Radiation accel- 
erates  dusty  protostellar  material away  from the  star. 
This  material piles up in a thin shell of dust, and gas - 
(e.g.,,Yorke 1979).  Inside the shell the gas flows toward$ 
the center and  the  dust  particles have relative veloci- 
ties of several km s-'. Figure 11 shows the velocities 
of selected dust  components. 

Relative velocities of about 5 km s-l are achieved 
between  nm-sized and pm-sized particles. At log r = 
14 (Tga x 200 K)  Brownian  motion  leads to a  relative 
velocity vrel = 0.004 km s-l and  turbulence (a  = 0.01) 
would lead to v,,~ = 0.01 km s-l. This  demonstrates 
the dominance of differential  radiative acceleration,at 
least for intermediate-mass stars/and  the need to in- 
clude  destructive pro:esses in  future simulations.  In 
the overall mass spectrum  most of the mass resides 
in . sized grains.  Shattering is not sufficiently 

G o  transfer  mass  back to nm-sized particles. 
When sticking parameters for a pure  quartz surface of 
the grains  are used in the simulations  (in  contrast to 
an icy surface),  coagulation is less effective due to  the 
lowered critical  sticking velocity (figure 12). The maxi- 
mum depletion  outside of log r = 15 is x10-3.5 (i.e.,the 
depletion of the mass  in a given bin  with  respect to  the 
initial  MRN-distribution). At smaller  distances from 
the  star  the effects of grain  bouncing and  grain  shat- 
tering  increase the depletion of the smallest  grains to 
10-2.5. During the subsequent ev&lution material from 
the dense shell can flow toward$ the  star in a quasi- 
steady  state (figure 10) until  again  nearly  all  mass  has 
accumulated in the center. 

5.3. Model C-1OMS 

In the 19;Mo simulation  (model CAOMS) the effects 
of bouncing and  shattering  are  more  important. Here, 
coagulation is not  able to lower the ultraviolet  extinc- 
tion significantly (cf. figure 13). The maximum  in the 
mass spectrum at m/mo = 10 (shown for t = 4300 yr  in 
figure  14)  represents shattered  fragments. At this  stage 
relative velocities of about 10 km s-l initiate a drastic 

Fig. 13.- Optical  depth  through  the cloud without 
(solid line; model l0bIS)  and  with coagulation and 
shattering  (dotted line; model C-1OMS) at  an equiv- 
alent  stage of evolution. 



enhancernent of nm-sized dust particles. The overall 
dust size distribution in the clump becomes steeper. 10 .  ' ' ' I ' 

I t  seerns that  shattering can  destroy all the work 
coagulation  has  done in the cloud core  prior to collapse. 8 -  

For this reason we also investigated  the influence of the ,O - 
sticking strength on the  coagulation process for the 10,- 
Ma case. 

5.4. Models  C-1OMSi  and C-10MSi10 

- . -  

As shown in figure 12,the  assumed structure of the 
grain  surface influences the outcome of a  coagulation 
calculation  significantly. For purposes of comparison 0 2000 4000 6000 8000 10000 

we altered our treatment of dust interior to  the ice 
sublimation  radius.  Within the ice sublimation zone Fig. 15.- Time  evolution of the core  luminosity 
TCe > 125 K,sticking coefficients for silicate  surfaces (solid line) and  the core  mass (dotted line) of model 

cotherwise we use the ice sticking coeffi- 
~ ~ ~ s t ~ % l  C-1OMSi). We also have conducted a 

C-1OMSilO The corresponding  free-fall  time is t f f  = 
2.7. lo3 yr. 

simulation  (model C-1OMSilO) with the sticking  ener- 
gies larger by a factor of 100 (critical  sticking velocities 
increase by a factor of 10) to  be compatible %exper- 
imental  results (Poppe & Blum 1996, Bridges et al. 
1996,  Supulver et al. 1997).  Figures  15,  16,and  17 
show the  time dependence of the core  luminosity and . , '09 T0u.t - - - -" - -1000 ic 

core  mass, the resulting  density  distribution of gas and 
dust  the  dust  temperature  and overall  mass  spectrum, 

L / .  

b 

\I.r ith 
- 3  " " " ~ " I " " ~ " " ~ " ~ " " " I " " ' " " I " " " " '  

i , "  i 
.. ' respectively. 

The reduced  sticking strength inside the  icesublima- - 
tion  radius  hinders effective coagulation of the debris 
particles  (compare to figure 14 where ice coefficients -25 - - 
were taken  throughout). Nevertheless, the mass of the 
resulting  central  core is increased by about 10% in  com- - ~ ~ - . . . . . . . . . I . . . . . . . . . I . . . . . . . . . I . . . . . . . . . I . . . . . . . . .  

parison to model C-1OMS. 
13 1 1  15 16 17 

log R [ c m ]  
18 

6. Conclusions 

We have  found dust coagulation to be an  important 
process  during the collapse of a molecular cloud core. 
Time  scales as short as lo3 yr (i.e.,typical  free-fall time 
scales) are sufficient for coagulation to modify the  dust 
size distribution.  Brownian  motion  and  differential  ra- 
diative  acceleration remove the small  grains from the 

" 3 "  . . . . . . . . . . . . . . 

0.10 " I  
0 05 

Fig. 14.- Dust  mass  distribution of model C-1OMS at 
4300 yr.  The corresponding size distribution  exponent 

c is 9 . 9 .  

Fig. 16.- Model C-1OMS-lOi at 5100 yr: Density of 
gas (solid line),  density of total  dust  (dotted line),and 
dust  temperature  (dashed line;  u.r.  corner). The ice 
sublimation  radius  is at 8 . 10'' cm. 

Fig. 17.- Dust mass distribution of model C-1OMSilO 
with  our modified dust model at 5100 yr (solid line). 
The  dotted line  denotes the mass  spectrum  resulting 
from the lower  (i.e.> Chokshi et al.)  sticking coefficients 
(model  C-1OMSi). 
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,- spectrum  and convert them  into mkiq-sized par- 

Jcs. The visual and  ultraviolet  extinction is reduced 
oy these changes in the  grain size spectrum. 

Relative velocities of several km s-l are possible. 
Thus,  effects of bouncing and  shattering of dust  parti- 
cles should also  be  taken  into  account in collapse sim- 
ulations.  Particle sputtering is not  important in this 
early  phase of protostellar evo1ution)assuming typical 
threshold velocities between gas and  dust of x50 km 
s-l (Wolfire & Cassinelli 1987; Jones  et al. 1996). 
Higher clump masses (> lo  MQ) could  conceivably  im- 
ply a more effective shattering of the pm-sized grains 
and  thus &an enhancement of the specific dust ex- 
tinction.  This  hypothesis  remains to  be  demonstrated, 
however; it will require a careful  analysis of the inter- 
actions of radiation  and  matter in accreting  accretion 
disks in an  environment  where  radiation,  coagulationt 
and/or  shattering  dominate  the  dust evolution. 

In  contrast to  the investigation of Weidenschilling 
& Ruzmaikina (1994), we simulated  the collapse of a 
protostellar cloud clump by numerical  radiation  hydro- 
dynamic  calculations. Thus, we were able to follow the 
evolution of the  grains  through  the  entire accretion flow 
where dust is present - i.e.> through  an  outer accretion 
shock,  within the dense  circumstellar dust shell which 
often  forms, down to  the radius of sublimation of the 
grains. We found that]for a luminous  central  radia- 
tion source, differential radiative  acceleration is able to  
supersede  turbulence as the main  contributor to rela- 
tive velocities between dust  grains  during the collapse 
phase. 

An enhancement of the sticking energies to fit the re- 
sults of recent  experiments  does not increase the final 
central mass significantly in  comparison to conserva- 
tive  assumptions about  grain sticking. It also c e o t  
completely prevent dust  cratering  and  shattering  dur- 
ing the formation of intermediate-mass stars. 

We have not  investigated the further  evolution of the 
/1/ r f i  d s i z e d  grains)  nor  have we considered  modifica- 

tions of the internal  structure of the particles. Because 
coagulated  grains are presumably  fractal, the dust-gas 
interactions  and  the  net  optical  properties  can  deviate 
from the “solid grain”  characteristics we have assumed 
here.  These effects are to  be addressed in greater  detail 
in a subsequent  paper. The  dust evolution during the 
formation of a protostellar  accretion disk poses another 
important problem.  Results of 2D radiation  hydrody- 
namic  simulations of rotating  and collapsing molecular 
cloud clumps  currently being prepared for publication 
indicate that indeed dust reprocessing  begins at a very 
early stage of contraction  and collapse (Suttner  et al. 
1998). 
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Appendix 

Here the numerical  solution  scheme of the combined 
coagulation/shattering  equation is described. To solve 
this nonlinear  differential  equation, the integral is writ- 
ten as a sum over the N discrete  mass bins: 

N 

i=l 

N 

G k ( m i , m j , h j )  E [0,1], xGk(m, ,mj ,dv i j )  = 1 
k=l 

The mass bins are  spaced logarithmically  with median 
mass mk and  width Amk. The variable nk is the  par- 
ticle  density of dust  grains  with  mass mk. The  shat- 
tered  particles are  distributed according to  the model 
of Jones  et al. (1996). This is controlled by  the discrete 
distribution  function Gk (mi,  m, , Svij). T% numerical 
scheme  strictly conserves  mass. Finally the equation is 
discretized using backward time differences: 

. N N  

N 

i= 1 

This  system of equations  can  be solved by inverting a 
nonlinear N x N matrix, which we do for each  cell of 
the 1D grid using a multidimensional Newton iteration 
scheme. 
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